Introduction
Gene transfer to epidermal keratinocytes may prove effective in treating certain dermatological and systemic disorders. To date most approaches to cutaneous gene therapy have focused on ex vivo strategies, which require grafting of the gene-modified cells back to the donor. [1] [2] [3] [4] However, surgical grafting of ex vivo-modified keratinocytes is likely to require full thickness excision at the graft site, a procedure that results in scarring and contracture, thereby limiting the area that can be treated. Direct gene transfer to keratinocytes in epidermis would circumvent these difficulties. Several methods of gene transfer to intact epidermis have been described. Intradermal injection of purified DNA or topical application of a liposome-DNA complex allows direct cutaneous gene transfer but transfer rates are low and expression is limited to a period of several days. [5] [6] [7] Similarly, intradermal injection of recombinant adenovirus (Ad) results in transgene expression for less than 1 week. 8 To date, in vivo approaches for stable gene transfer to epidermis have been unsuccessful. 9, 10 This is partly due to the continued renewal of epidermis, averaging 28 days in humans and 7 days in mice. 11 Renewal of epidermis depends on proliferation of stem cells which are located in the basal layer. Stem cell progeny either remain as stem cells or give rise to transit amplifying cells which, after a few rounds of replication, withdraw from the cell cycle, undergo terminal differentiation and desquamate. 12 Therefore, for those applications that require long-term transgene expression, the therapeutic gene must be targeted to long-lived stem cells and be stably transmitted to descendant cells. Gene transfer to any other keratinocytes will result in transient transgene expression due to desquamation of the cells carrying the transgene. In addition, stable transmission of therapeutic elements to stem cell progeny requires integration of the transferred gene.
Recombinant retroviral vectors (RRV) are highly efficient at gene transfer and gene integration, making them the most utilized vehicle in human gene therapy trials to date. 13 One obstacle to transduction by retroviral vectors however, is the requirement for replication of target cells at the time of infection.
14 Epidermal stem cells are low in number and normally slow-cycling, however they can be induced to proliferate in response to wounding and certain growth stimuli. 11 Furthermore, upon loss of interfollicular epidermis, follicular cells can repopulate the interfollicular areas. 15 Dermabrasion of mouse skin involves the removal of interfollicular epidermis while leaving hair follicles intact. A rapid regeneration of interfollicular epidermal cells follows this injury and proceeds through a stage in which there is a thin layer of highly proliferative cells. 16 In this study the feasibility of stable transduction of epidermal keratinocytes in hyperproliferative mouse skin was evaluated. We report the first evidence for long-term cutaneous gene transfer and transgene expression using high titer retroviral vectors. 
Results
Retrovirus-mediated transduction of regenerating epidermis Retrovirus-mediated transduction requires both access to and replication of target cells. In normal mouse epidermis, replicating cells are found with a low frequency (approximately 5%) in the basal layer. 16 To induce epidermal hyperplasia, the dorsal skin of SENCAR and CD-1 mice in the resting phase of the hair growth cycle was dermabraded to remove interfollicular epidermis and allowed to re-epithelialize by follicular cells. The extent of re-epithelialization and hyperproliferation was assessed at various times after abrasion and the results are summarized in Table 1 . Dermabrasion resulted in the complete removal of interfollicular epidermis (Figure 1b) . Three days after abrasion, a thin layer of regenerating epithelium was visible along with an overlying scab b a c d Figure 1 Re-epithelialization of dermabraded mouse skin. ( Figure 1c ). The labeling index of basal cells, as measured by incorporation of BrdU, was 22.2% (Table 1) . At later times, the labeling index was higher (Table 1) , but stratification was also more prominent and would impede virus access to the basal cells (Figure 1d ). Based on the degree of stratification and hyperproliferation, day 3 after abrasion was selected as a suitable time for in vivo transduction. Later experiments demonstrated that 3 days after abrasion was the optimal time for transduction (data not shown). Furthermore, by depositing the virus in the compartment underlying the day-3 scab, the virus suspension could be retained against the re-epithelializing surface.
To generate high titer RRV stocks suitable for in vivo transduction, retroviral vectors were pseudotyped with the envelope G protein of vesicular somatitis virus (VSV-G). 17, 18 On day 3 after abrasion 50 l of infectious VSV-G pseudotyped RRV-LZRN (1 × 10 9 c.f.u./ml) or recombinant Ad-LZ (5 × 10 10 p.f.u./ml) encoding the E. coli LacZ reporter gene were injected in the plane between the scab and the re-epithelializing surface. The latter was used as a control to assess accessibility of keratinocytes as well as turnover rate of the transgene and the transduced cells. Transgene expression in epidermis was analyzed by 4-chromo-5-bromo-3-indolyl-␤-d-galactoside (Xgal) histochemical staining of tissue sections. ␤-Gal expression was noted 4 days after transduction around the injection site in follicular and interfollicular epidermis (Figure 2a,b) . While keratinocytes were the predominant transduced cell type, occasionally dermal fibroblasts (Figure 2b , arrow) or panniculus carnosus muscle cells were transduced (data not shown). No vector-specific transcripts were detected in any other organs, however vector DNA was occasionally detected in liver and spleen of transduced mice (data not shown). This was not surprising since both these organs are the major sites for clearing viral infections. By 4 days after transduction, ␤-gal-positive keratinocytes in Ad-LZ-transduced epider- Transgene expression could be monitored by tape stripping cornified cells from the surface and staining adherent cells on the tape with X-gal ( Figure 2e ). Three weeks after transduction, no X-gal-positive surface cells were seen in SENCAR and CD-1 mice. Histochemical analysis of sections examined at 4 weeks after transduction confirmed the loss of ␤-gal expression in RRV-transduced skin (Figure 2f ). Overall these data demonstrate the feasibility of RRV-mediated gene transfer to epidermal keratinocytes following induction of hyperplasia.
Loss of transgene expression in skin of SENCAR and CD-1 mice
The apparent loss of ␤-gal activity in SENCAR and CD-1 mice could be due to a decrease or loss of the viral promoter activity, [19] [20] [21] [22] or a loss of transduced cells either by a failure to transduced stem cells or by immunological responses developed against the transduced cells. To examine the first possibility, LZRN-transduced skin was harvested 2 or 4 weeks after transduction. Total cellular RNA and DNA were isolated and analyzed by RT-PCR and PCR, respectively. DNA and RNA isolated from keratinocytes transduced with LZRN in culture were used as positive controls. A nested PCR assay was developed using PCR primers depicted in Figure 3c . These primers amplified the expected size fragments from LZRN-transduced cultured keratinocytes and transduced mouse skin at 2 weeks after transduction ( Figure  3 , lanes 2 and 7). The specificity of PCR products was demonstrated by the absence of amplification products in non-transduced skin surrounding the injected area ( Figure 3a , lanes 8 and 9) and Ad-LZ-transduced skin harvested 4 days after transduction (lane 3). No LacZ
Figure 3 Analysis of DNA and RNA isolated from skin of SENCAR mice transduced with LZRN. Ethidium bromide stained agarose gel containing PCR (a) or RT-PCR (b) reactions using LacZ or neo primer sets as depicted in c. A primer set specific for cellular pgk-1 was included in the first 30 cycles of amplification in all samples as a control. A 1:100 dilution of the first amplification reaction was reamplified using the corresponding nested set of the primers. PCR reaction was conducted on genomic DNA or cDNA reverse transcribed from total RNA isolated from LZRN-transduced cultured keratinocytes (lane 2); Ad-LZ transduced skin harvested at 4 days after transduction (lane 3); LZRN-transduced skin from 3 mice at 4 weeks (lanes 4-6); or 2 weeks (lane 7) after transduction or non-transduced skin (lanes 8-9). As a control, DNA was omitted from the reaction mix (lane 1). (c) Schematic map of the LZRN vector. Transcript initiation sites are indicated by the arrows on the top of the Figure. Arrowheads indicate the location of oligonucleotide primers used in nested PCR analysis.
transcripts were detected in LZRN-transduced mice 4 weeks after transduction (Figure 3b , lanes 4-6), although vector-specific DNA sequences were found in the same samples (Figure 3a, lanes 4-6) . In addition, analysis of these samples showed persistence of viral RSV-neo r sequences, also encoded in LZRN, but no neo r transcript (Figure 3a and b, neo) . The loss of transgene expression was not dependent on the LZRN vector construct since similar results were obtained when MFGLZ vector was used for transduction (data not shown). While PCR analysis indicated persistence of transgene DNA in transduced skin, it is not clear from the data whether the DNA originated from the transduced keratinocytes or phagocytic immune cells.
To determine whether RRV-mediated ␤-gal expression in the skin promoted an antigen-specific immune response, sera from normal and transduced mice were collected at various times after transduction and the presence of anti-␤-gal immunoglobulin G (IgG) examined by ELISA. Serum from Ad-LZ transduced mice served as a positive control. As shown in Figure 4a , both Ad-and RRV-mediated transduction resulted in generation of significant levels of anti-␤-gal IgG. The higher level of humoral responses to Ad-LZ is partly due to the higher doses of adenovirus administered. Anti-␤-gal IgG first appeared in the sera of RRV-transduced mice 2 weeks after transduction, continued to rise in the first 8 weeks and remained elevated at least for 20 weeks (the last time point examined). The generation of vector-specific neutralizing antibodies was also examined by mixing infectious vector with serum from transduced mice and noting the loss of transducing ability in target cells in vitro. As shown in Figure 4b , humoral responses against RRV-LZRN were detected as early as 1 week after transduction and remained elevated up to 20 weeks. The presence of vector neutralizing antibodies most likely interferes with readministration of retroviruses not with transgene expression. These results indicate that the loss of transgene expression coincided with the onset of immune responses against transgene products.
Long-term transgene expression in immunodeficient or ␤-gal tolerant mice To examine the contribution of immune responses in the loss of transgene expression in SENCAR and CD-1 mice, comparative studies were performed in severe combined immunodeficient (SCID) mice. SCIDs are deficient in both T and B cells and do not mount any antigen-specific immune responses. As shown in Figure 5a , LZRNdirected transduction of epidermis in SCID mice resulted in ␤-gal expression in both follicular and interfollicular keratinocytes persisting for 16 weeks (the last time-point examined). At this time X-gal staining in interfollicular epidermis was confined to the EPUs and no singly stained keratinocytes were observed (Figure 5b) . Based on the kinetics of epidermal turnover in mouse skin, the transduced skin would have been renewed at least 16 times in the 16-week period. In the absence of a specific marker for epidermal stem cells, persistence through multiple cycles of renewal is a valid measure of stem cell behavior. These data demonstrate that the loss of transgene expression in immunocompetent mice was mediated by immunological responses. However, the role of retroviral vector components in the loss of transgene expression was not clear.
To examine relative contribution of viral components in the loss of transgene expression, the RRV-mediated ␤-gal expression was analyzed in immunocompetent mice tolerant to this antigen. MTnlacZ mice are transgenic line (C57B1/6 background) expressing LacZ under the control of metalothionein 1 promoter. 23 This promoter is active in the liver throughout embryonic development, thereby inducing tolerance to ␤-gal protein. While these mice should not mount immune responses to ␤-gal, they can respond normally to other antigens. Since neomycin phosphotransferase (NPTII) enzyme encoded by LZRN vector is a potential antigen, both LZRN and MFG-LZ (encodes ␤-gal alone) were individually used to transduce dorsal skin of MTnlacZ mice. As shown in Figure  5 (c, d) , ␤-gal expression persisted in these mice for the duration of the experiment (16 weeks) while ␤-gal expression in non-transgenic immunocompetent mice was lost in 3 weeks (Table 2) . Surprisingly, transduction of MTnlacZ mice with LZRN resulted in persistence of transduced keratinocytes (Figure 5d ). While NPT-II expression in the skin of MTnlacZ mice transduced with LZRN was demonstrated by RT-PCR (data not shown), anti-NPT-II IgG was not developed in these animals (data not shown). The ELISA used in this test readily detected anti-NPT-II IgG in serum (1:10 000 dilution) from mice immunized with NPT-II mixed with adjuvant (data not shown). The lack of responses to NPT-II was not due to the inability of transgenic mice to promote antigen-specific responses since the same sera contained virus neutralizing antibodies (Table 2) . Furthermore, the absence of anti-NPT-II IgG was also noted in the sera of LZRN-transduced non-transgenic mice which contained high levels of anti-␤-gal IgG (Table 2) , indicating the lack of immunogenicity of NPT-II in transduced mice. These data clearly demonstrate a correlation between elicitation of immune responses against a transgene product and loss of cutaneous transgene expression. Furthermore, our data suggest that viral elements do not play a primary role in induction of immune responses that eventually result in elimination of transgene expression.
Discussion
Transfer of new genetic material to epidermal keratinocytes offers an opportunity for corrective gene therapy of inherited skin diseases. For example in one form of junctional epidermolysis bullosa, a mutation in the LAMB3 gene leads to an inability to assemble hemidesmosomes and a severe blistering phenotype. 24 Transfer of the LAMB3 gene to cultured keratinocytes results in restoration of proper hemidesmosomal assembly and colony formation in vitro. 25 Long-term expression of a transgene in a rapidly renewing tissue such as epidermis is achieved only when the gene is stably transmitted to long-lived stem cells. RRV have been used with considerable success for transduction of epidermal stem cells in culture. [26] [27] [28] In contrast, attempts by several laboratories for direct RRV-mediated gene transfer to epidermis have been unsuccessful. 9, 10 The present study provides the first evidence for RRV-mediated transduction of epidermal keratinocytes in vivo. Three principles were followed in developing this method: (1) inducing keratinocyte proliferation, a requirement for RRV-mediated transduction; (2) ensuring virus access to proliferating cells in the basal compartment; and (3) use of high titer VSV-G pseudotyped RRV. The two requirements of target cell proliferation and accessibility were met by dermabrasion since re-epithelialization proceeded through a stage where there was a layer of highly proliferative cells.
Transduction of the hyperplastic epidermis resulted in stable gene transfer to keratinocytes of interfollicular and follicular epidermis. In interfollicular epidermis, a stem cell, its descendant transit amplifying cell and the subsequent terminally differentiated cells are thought to be organized in a spatially distinct unit, the EPU. 11 Even b a c d 
Figure 5 Persistent expression of RRV-LZRN transduced keratinocytes in follicular and interfollicular epidermis in SCID or ␤-gal transgenic mice. The dorsal skin of SCID (a,b) or MTnlacZ (c,d) mice was transduced with VSV-pseudotyped LZRN (a and c) or MFG-LZ (b and d) and harvested 16 weeks after transduction. Tissue sections were stained with X-gal and counter stained with H&E. Magnifications: (a and c) × 60, (b) × 150, and (d) × 75.
The humoral responses developed against the transgene products (␤-gal or NPT-II) and the transducing virus (neutralization) and the duration of transgene expression are summarized according to the strain of mice transduced and the two LacZ-encoding retroviruses. In A, the positive sign indicates anti-␤-gal IgG at 0.5-25 g/ml in the serum of transduced animals at 4 weeks after transduction and the negative sign indicates anti-␤-gal IgG at Ͻ0.4 ng/ml (n Ͼ 3). In B, the negative sign indicates antibody titers of less than 1:6400 to NPT-II (n Ͼ 3). In C, a positive sign indicates the presence of neutralizing antibodies as judged by a loss of infectivity when virus stock was incubated with serum from transduced mice in comparison to serum from non-transduced animals (n Ͼ 3). In D, long-term expression was considered positive if it persisted for more than 10 weeks and negative if it was lost by 3 weeks. The number of animals in each group is presented in parentheses.
though both epidermal stem cells and transit amplifying cells are targets for retroviral transduction of hyperproliferative epidermis, the renewal capacity of transit amplifying cells is limited to a small number of divisions. 29 Therefore transduction of these cells would result in a transient appearance of marked cells in the EPU. 27 In steady-state mouse epidermis, turnover is estimated at approximately 7 days 11 and in abrasion-induced epidermis, transit time is reduced to 1 day at 3 days after abrasion and returns to normal after 3 weeks. 11, 30 During the 16-week observation period, transduced skin must have undergone at least 16 cycles of replication and with the hyperplasia induced by the initial dermabrasion and the two to three cycles of tape stripping, the number of replication cycles is likely to have been much higher than 16. Furthermore, the presence of labeled columns of interfollicular epidermis at 16 weeks (Figure 5b) indicates that the transduced progenitor cells were capable of giving rise to differentiated cell descendants. These progenitor cells are likely to be stem cells. Unlike interfollicular epidermis which contains a single type of differentiated keratinocyte, hair follicles are composed of a minimum of seven distinct cell types. 31 It is not known if these different cell types originate from single or multiple pro-genitor cells, although the hair follicles with singly marked inner or outer root sheath occasionally seen in this study would argue for multiple progenitor cells. However the possibility of a pluripotent stem cell giving rise to partially committed progenitor cells restricted along a specific cell lineage cannot be excluded. 31 Similar observations have recently been made in a hair reconstitution assay using marked mouse keratinocytes. 32 Loss of RRV-mediated transgene expression in vivo has been reported in several systems including epidermal keratinocytes and attributed to inactivation of the viral promoter. [19] [20] [21] [22] However, using an ex vivo approach, a recent study from this laboratory has demonstrated that the longevity of RRV-mediated expression in vivo is dependent upon transduction of stem cells in culture and no evidence of promoter inactivation could be obtained during a 20-week period in vivo. 27 In the present study we showed the feasibility of achieving long-term RRVmediated transgene expression in the absence of immunological responses to the transgene products. A direct correlation between presence of antigen-specific immunological responses and duration of transgene expression was demonstrated by (1) the persistence of ␤-gal expression in transgenic mice tolerant to ␤-gal; and (2) the lack of immune responses to NPT-II and persistence of NPT-II expressing cells in ␤-gal transgenic mice. Unique immunological features of the cutaneous environment have made skin an ideal target for DNA immunization. 33 Expression of foreign genes in the cells of skin has been shown to induce long-lasting cellular and humoral immune responses against the encoded protein. 34 Skin contains numerous epidermal Langerhans cells and dermal dendritic cells which are specialized for the initiation of immune response. 35 These cells could acquire antigen either through direct transduction or through uptake of antigens synthesized in transduced keratinocytes and in this way induce the classical MHCrestricted immune responses resulting in destruction of the transduced cells. However histological examination of ␤-gal expressing skin from transduced mice showed a lack of acute inflammatory infiltrates (Figure 2 c, d ). Lack of inflammation following plasmid DNA-mediated cutaneous gene transfer has also been observed and attributed to lipocortin, a potent natural inhibitor of inflammation that is expressed in epidermis. 34, 36 While elimination of transduced cells from the tissue may explain the transient nature of transgene expression in immunocompetent mice, our data do not rule out a possible immunemediated inactivation of transgene expression. The presence of vector sequences detected in the absence of transgene expression is supportive of this hypothesis, however these sequences may simply be retained in phagocytic cells residing in the skin. Clearly further investigation will be necessary to fully understand the mechanism involved in immune-mediated loss of cutaneous transgene expression directed by retroviruses.
The initial goal in undertaking this study was to develop an effective strategy for treating cutaneous disorders through retrovirus-mediated in vivo gene transfer as an alternative to ex vivo gene transfer. Having established a method for in vivo transduction, the next goal must be to increase efficiency of transduction as for example with the use of lentiviral vectors which do not require target cell replication or by in situ selection of transduced cells. 37 Selection could occur naturally as for example in junctional epidermolysis bullosum where corrected cells might form a better attachment to basement membrane than noncorrected cells. In addition the number of transduced cells in the tissue could be increased by incorporating a selectable marker into the vector and topical application of the selection drug.
Materials and methods
Viral vectors LZRN and MFGLZ are retroviral vectors encoding the E. coli LacZ reporter gene under the control of 5Ј long terminal repeat (LTR). LZRN vector also encodes the neo r gene under the control of an internal RSV promoter. 293GP-LZRN producer line was kindly provided by Chiron Technologies. Generation of 293GP-MFGLZ and preparation of high titer RRV pseudotyped with VSV-G protein have been described previously. 17, 38 Briefly, 293GP-LZRN and -MFGLZ were transiently transfected with pHCMV-G DNA encoding VSV-G protein (gift of Theodore Friedmann, UC San Diego, CA, USA). Viruscontaining supernatant was collected 36-72 h after transfection, filtered and concentrated as described elsewhere to titers of 1-5 × 10 9 colony forming units (c.f.u.)/ml as determined on NIH 3T3 cells. 18 Ad-LZ is a replicationdefective EI
− deletion mutant expressing LacZ under the control of cytomegalovirus promoter. The vector was propagated and purified as previously described. 39 Titers of purified Ad-LZ stocks were 5 × 10 10 p.f.u./ml as determined by plaque assay on 293 cells.
Animals and in vivo transduction
Experiments were performed on 7-8-week-old SENCAR (NCI, Frederick, MD, USA), CD-1 (Charles River Breeding Laboratories, Wilmington, MA, USA), ICR-SCID (Taconic Farms, German Town, NY, USA), C57B1/6 and MTnlacZ mice (Jackson Laboratories, Bar Harbor, ME, USA). SENCAR and CD-1 mice have occasionally been used for investigations in skin biology and kinetics of hair cycles is known. 30, 31 At this age, the dorsal skin of mice is in the resting phase of the hair growth cycle. The clipped, depilated backs of mice were dermabraded using a felt wheel (5/8Љ diameter, 1/8Љ thickness) connected to a rotary motor tool (Craftsman, Sears, USA) spinning at approximately 15 000 r.p.m. 40 The 1 cm 2 wound thus created was allowed to remain open to the air. To measure labeling indexes of epidermis at various times following abrasion, animals were pulse-labeled with BrdU for 2 h. Tissue biopsies were fixed in formalin, paraffin embedded and 4 m sections were analyzed by immunostaining using anti-BrdU antibody. For histological examinations, sections were stained with hematoxylin/eosin (H&E). For transduction on day 3 after abrasion, 50 l (containing 5 × 10 7 c.f.u.) of VSVpseudotyped retrovirus or Ad-lacZ (1 × 10 9 plaque forming units) were deposited with the aid of a 29-gauge needle, into the compartment located between the scab and the healing tissue surface. Animal studies were performed in accordance with the institutional guidelines of the State University of New York.
Detection of transgene expression in transduced skin
To assess ␤-galactosidase (␤-gal) expression in transduced skin without taking a biopsy, cornified cells on the surface of epidermis were removed by tape stripping using adhesive tape (Scotch, 3M, St Paul, MN, USA). The tape and adherent cells were washed in PBS, fixed briefly in 0.2% gluteraldehyde, rinsed in PBS, incubated for 1 h in X-gal solution at 37°C and examined by low-power light microscopy. For histological examination, skin specimens from abraded area were biopsied, frozen in OCT embedding compound and 10 m-thick cryosections were prepared. Sections were fixed for 10 min in 0.2% gluteraldehyde and stained en face with 1 mg/ml Xgal in 0.1 m sodium phosphate buffer (pH 7.5) containing 5 mm K 3 Fe(CN) 6 , 5 mm K 4 Fe(CN) 6 , 1 mm MgCl 2 , 0.02% NP-40 and 0.01% sodium deoxycholate for 1 h. Sections were counterstained with H&E. In some experiments skin biopsies were homogenized in TRIZOL reagent (Gibco BRL, Grand Island, NY, USA) using a PowerGen homogenizer (Fisher Scientific, Pittsburgh, PA, USA) and genomic DNA or total RNA was isolated and analyzed by a nested PCR/reverse transcriptase (RT)-PCR assay to detect vector sequences. Total cellular RNA was treated with DNase I (amplification grade, Gibco BRL) before reverse transcription. Using this assay the expected fragments were generated from 5 pg of genomic DNA or 10 pg of total RNA isolated from LZRN-transduced cultured keratinocytes. The PCR primers were designed to amplify sequences from the start site in the 5Ј LTR to the LacZ sequences, or from the neo sequences to the U3 region in the 3Ј LTR. A PCR primer set amplifying phosphoglycerate kinase (pgk-1) gene was included as an internal control in all PCR reactions.
Analysis of humoral responses in transduced mice
Antibody responses to ␤-gal or neomycin phosphotransferase II (NPT-II) were determined by ELISA using purified E. coli ␤-gal (Sigma, St Louis, MO, USA) or NPT-II (5 Prime→3 Prime, Boulder, CO, USA) as antigens. Microtiter plates (Dynex Immulon 1; Dynatech, Chantilly, VA, USA) were coated with 200 ng of either antigen in 100 l carbonate buffer for 16 h at 4°C. The wells were washed and blocked with 5% non-fat dry milk in Trisbuffered saline (TBS) for 1 h at room temperature. Diluted serum samples were added to the blocking solution and incubated for 2 h. As a standard control, serial dilutions of monoclonal anti-␤-gal antibody (Sigma) or sera from mice immunized with NPT-II mixed in adjuvant were used. The latter serum was kindly provided by H Muslow and RM Blaese (NIH, Bethesda, MD, USA). Wells were washed extensively and refilled with 100 l of 1:3000 diluted alkaline phosphatase-conjugated goat antimouse IgG (BioRad). After 30 min, the wells were washed and bound antibodies were detected using ELISA Amplification System (Gibco BRL). Neutralizing antibodies were measured by the ability of serum from transduced mice to inhibit RRV-mediated transduction of NIH-3T3 cells in vitro. Serum samples were diluted 10-fold in media containing LZRN retroviruses at the titer of 5 × 10 5 c.f.u./ml (at the linear range of transduction) and incubated at 37°C for 10 min. Thereafter, samples were added to wells containing NIH-3T3 cells at a multiplicity of infection of 5. All retrovirus transductions were performed in the presence of 8 g/ml Polybrene (Sigma) and 48 h later cells were lysed and transduction efficiency was determined by quantification of ␤-gal activity. 41 
